High temperature and salinity are the major ecological factors challenging crop productivity in the arid and semiarid regions of the world. Effects of high temperature (43-45°C) and salt stress (0.6 M) on Macrotyloma uniflorum (Lam.) Verdc. (Horse gram), were evaluated in terms of antioxidants and antioxidant enzymes. Both treatments caused typical stress responses in this tropical leguminosae. Oxidative stress indicators such as H 2 O 2 , TBARS, and proline were significantly elevated. Similarly, the antioxidant enzymes superoxide dismutase (SOD; EC 1.15.1.1), guaiacol peroxidase (POX; EC 1.11.1.7) and acid phosphates (AP; EC 3.1.3.2) were significantly elevated while catalase (CAT; EC 1.11.1.6) was reduced. These treatments had contrasting effects on glutathione reductase (GR; EC1.6.4.2) and b-amylase (EC 3.2.1.1). While temperature stress caused increase in GR and decrease in b-amylase, salt stress caused a counter effect. Contrast was also observed in ascorbate and glutathione which increased in temperature stress and reduced in salt stress. SDS-PAGE analysis indicated entirely different protein profiles in temperature and salt stressed seedlings. Growth rate and fresh mass were affected to same extent, relative to their controls. Taken together these data describes the similarities and peculiarities of key biochemical responses of Horse gram to high temperatures and salinity.
include super oxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), peroxidase (POX; EC 1.11.1.7), ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDAR) and glutathione reductase (GR; EC1.6.4.2). In addition to antioxidant enzymes, hydrolytic enzymes such as amylase and phosphatases have also been implicated in stress response (Shao et al., 2008; Scheidig et al, 2002; Olmos and Hellin, 1997) .
The non-enzymatic mechanisms consist of antioxidants such as ascorbate, glutathione, tocopherol and carotenoids; proteins such as chaperones, dehydrins and HSPs and osmolytes such as proline, glycine betaine and raphinose (Sairam and Tyagi, 2004; Ashraf and Foolad, 2007) .
Horse gram is considered a poor man's pulse as it offers a relatively cheap source of proteins for human consumption and livestock production. This work describes the main antioxidant responses and other stress specific biochemical defenses, differentially activated under high temperatures and salt stress in this underexplored tropical leguminosae species.
MAteRIAls AND MethODs
plant material and stress treatment: Seeds of Horse gram, Macrotyloma uniflorum (PHG-9 cultivar) were surface sterilized with 0.1% HgCl 2 for 20 sec and washed immediately with distilled water many times. And sown in trays containing vermiculite, and irrigated daily with distilled water. Five days old plants, grown in vermiculite, in a controlled chamber at 26 °C, and a photoperiod of 16 h light: 8 h dark.
High-temperature stress was applied by treatment of seedlings at 38-39°C for 2 h followed by exposure to 43-45 °C for 2.5 h. salt stress: Five days old seedlings were transferred into dishes containing 1/2 strength sterile Hoagland's nutrient solution with added micronutrients (Allen, 1968) . The seedlings were grown at 26 °C under 16 h light: 8 h dark photoperiod. Salt stress was induced by incubating plants in half-strength Hoagland's nutrient solution containing NaCl at a final concentration of 600 mM for 48 h. Plants grown on halfstrength Hoagland's medium without NaCl served as control. enzyme extraction and antioxidants: Frozen shoots were homogenized with 50 mM sodium phosphate buffer (pH 7.5) containing 1 mM PMSF and 5 mM b-mercaptoethanol. The homogenate was centrifuged at 5,600×g for 20 min. The supernatant was used as source of enzymes, antioxidants, and other components. All the steps in the preparation of the enzyme extract were carried out between 0 to 4 °C. Soluble protein content was determined according to the method of Lowry et al. (1951) with BSA as the standard.
Determination of h 2 O 2 , ascorbic acid and proline: Hydrogen peroxide content was determined according to the method of Velikova et al. (2000) , ascorbic acid and dehydroascorbic acid contents were estimated according to Okamura (1980) with the modification adopted by Knorzer et al. (1996) . Free proline was extracted from 0.5 g of fresh tissue in 3% aqueous sulphosalicylic acid and estimated by ninhydrine method according to Bates et al. (1973) .
Determination of membrane damage:
Lipid peroxidation (MDA) in the seedling samples was measured as indicator of membrane damage. The MDA reacts with thiobarbituric acid (TBA) to form MDA-TBA complex named TBARS which was measured by reading absorbance at 532 nm. Correction was applied by subtracting the absorbance at 600 nm using extinction coefficient of 156 mM -1 cm -1 (Madhava Rao and Stresty, 2000) .
Measurements of gsh:
The amount of 0.5 g, of frozen plant tissue was ground to fine powder, and homogenized in 1.0 ml of 3% trichloroacetic acid and centrifuged at 12,000 rpm for 15 min at 4 °C. Reduced glutathione was determined according to Eyer and Podhradský (1986) .
Assay of enzymes:
Acid phosphatase (AP; EC 3.1.3.2) -activity was assayed according to the method of Hoerling and Svensmark (1976) employing α-naphthyl phosphate or p-nitrophenyl phosphate as substrates. Each unit of activity is defined as the number of μmoles of α-naphthol or p-nitrophenol released per minute. In-gel assay was carried out after electrophoretic separation of phosphatase isozymes on native (9%) polyacrylamide gels at 4°C. The enzyme bands were detected using α-naphthyl phosphate as substrate and fast blue RR as coupling dye.
b-Amylase (EC 3.2.1.1) -activity was assayed according to the method of Shuster and Gifford (1962) . The activity unit was expressed in terms of μmoles of maltose formed per minute. b-amylase isozymes were separated on non denaturizing polyacrylamide gels (9%) at 100 V for 2 h at Aebi (1984) in a reaction mixture containing 20 μl enzyme extract in 50 mM sodium phosphate buffer (pH 7.0). The reaction was started by adding 15 mM of H 2 O 2 as a final concentration and its consumption was measured for about 30 S at 240 nm. In-gel assay for CAT isozymes were performed on non-denaturizing gels (9%) electrophoresed at 100 V for 2 h at 4 °C. Gels were soaked in 3.27 mM H 2 O 2 for 15 min, rinsed with water, and stained with 2% potassium ferricyanide followed by 2% ferric chloride to visualize the bands (Prasad et al., 1995) .
Glutathione reductase (GR; EC1.6.4.2) -was assayed by monitoring the GSSG dependent NADPH oxidation according to the method of Edwards et al. (1994) . GR isozymes were separated on non denaturized gels (9%) at 100 V for 2 h at 4 °C., soaked in 50 mM Tris-HCl buffer (pH 7.5) containing 10 mg MTT, 10 mg 2, 6-dichlorophenol indophenol, 3.4 nM GSSG, and 0.4 mM NADPH.
Guaiacol peroxidase activity (POX; EC 1.11.1.1) -was measured by monitoring the formation of tetra guaiacol at 470 nm (e =26.6 mM -1 cm -1 ) using H 2 O 2 as substrate according to Chance and Machly (1955) . One unit of peroxidase is defined as the amount of enzyme that caused the formation of 1 mM of tetra-guaiacol per minute. POX isozymes separated on 9% native acrylamide gels were incubated in a mixture of o-dianisidine-HCl in acetate buffer (pH 5.5) for 30 min at room temperature. Gels were then transferred to 100 mM H 2 O 2 until visible bands developed.
Superoxide dismutase (SOD; EC 1.15.1.1) -activity was determined using the photochemical method of Beauchamp, Fridovich (1971), and Mirsa and Fridovich (1977) , by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium (NBT). A 3.0 ml reaction mixture contained 50 mM pot.phosphate buffer (pH 7.8), 13 mM methionine, 75 mM NBT, 2 mM riboflavin, 0.1 mM EDTA, and 10-150 μl enzyme extract. Riboflavin was added at the end. The tubes were shaken and placed 15 cm below 40-W lamps. The reaction was initiated by exposure to light and arrested after 15 min by removal of light. The absorbance of the reaction mixture at 560 nm was read against a reaction mixture lacking enzyme, which developed maximum color (control value). One unit of the enzyme is defined as the amount of enzyme which can inhibit the reaction (color development) by 50%.
electrophoretic analysis: Non-denaturing discontinues slab gel electrophoresis was carried out essentially according to the method of Davis (1964), SDS-PAGE was performed according to Laemmli (1970) using 10% acrylamide resolving gel and 5 % stacking gel. statistical analysis: All data are expressed as means of triplicate experiments unless mentioned otherwise. Comparisons of means were performed using graph Pad prism software. Data were subjected to a one-way analysis of variance (ANOVA), and the mean differences were compared (P < 0.05).
ResUlts AND DIscUssION
High temperature, drought, and salt stress, are major ecological factors, which affect agriculture and prevent crop plants from expressing their full genetic potential. These abiotic stresses differentially affect cellular homeostasis in plant by the formation of reactive oxygen species (ROS). The ROSs in turn, cause oxidative damage to membrane, lipids, proteins, and nucleic acids (Desikan et al., 2003; Moller et al., 2007; Hussain et al., 2008) . A well coordinated rapidly responding antioxidant system consisting of several antioxidant enzymes and redox metabolites limit these damages. However, when the extent of ROS production exceeds the antioxidant capability, cellular damages ensue. Horse gram, extensively cultivated in dry climatic conditions and less fertile lands is subjected to a great deal of abiotic stresses, thereby limiting its yield. Therefore, an understanding of the biochemical basis of the response during applied abiotic stresses such as high temperature and salt would help to improve its agronomic potential.
Horse gram seedlings experienced a general inhibition of shoots and root growth under high temperature and salt stress (data not shown). Overall reduction in the growth of Horse gram during both the stresses indicated that the effects were similar to those observed during prolonged drought and high salinity (Boyer, 1982; Neumann, 2008) . Hydrophilic antioxidants such as glutathione and ascorbic acid are indispensable components of the antioxidant system which scavenge ROS (Foyer and Noctor, 2005) . Glutathione and ascorbic acid levels were elevated under high temperature (Table 1) while ascorbic acid increased by 250%; the GSH increased only by 30% over the control. On the other hand, both the antioxidants were reduced, albeit moderately during salt stress (Table 1) .
Such increase in levels of hydrophilic antioxidants, GSH, ascorbic acid and proline under temperature stress, and their reduction under salt stress (except a slight increase in proline) suggested that horse gram expresses a more efficient antioxidant response to high temperatures than for salt stress (Table 1) . Ascorbic acid in association with other components of the antioxidant system protects plants against oxidative damage resulting from aerobic metabolism, photosynthesis and a range of pollutants (Waheed et al., 2007) . Enhanced production of ascorbic acid and GSH has been correlated to reduced ROS production under temperature stress (Xu et al., 2006) . Similarly, increased levels of these two hydrophilic antioxidants in horse gram support the fact that GSH and ascorbate protect the plant against oxidative damage.
Compatible solutes, such as proline, glycine-betaine, and sugars act as ROS scavengers and proteins stabilizers, and are essential components of temperature and salt tolerance mechanisms (Kumar et al., 2007) . Drought and salt stress induced accumulation of proline is well documented and tolerant species have been shown to express higher levels of proline and its precursors than the susceptible ones . Horse gram seedlings stressed with high temperature showed a ~250% increase in proline content, while salt stressed seedlings exhibited only a 50% increase. Available literature suggests that proline levels are regulated at the ∆ 1 -pyrolline carboxylate metabolism (Hong et al., 2000) . From the levels of proline estimated during high temperature stress, a possible role could be suggested for ∆ 1 PCA carboxylase in regulation of proline metabolism in horse gram.
Malondialdehyde (MDA), a product of lipid peroxidation is considered as an indicator of oxidative damage (André et al., 2006) . A correlation appears to exist between lipid peroxidation and membrane permeability. A two-fold increase in the degree of peroxidation (Table 1) in temperature stressed seedlings compared to controls, suggested greater oxidative damage. Although the MDA levels were elevated under salt stress (30%), as compared to temperature stress the extent of lipid peroxidation was less pronounced.
Stress-induced generation of free radicals could alter chromatin organization that facilitates the differential expression of a number of genes. Extensive heat shock and resultant production of ROS are known to cause DNA damage (Apel and Hirt 2004) . Commonly noticed modifications in DNA are hydroxyl guanine, conjugation of MDA with guanine, and changes in methylation resulting in altered expression of genes (Moller et al., 2007) . Unaltered mobility of nuclear DNA of stressed horse gram seedlings relative to control indicated no significant alteration in the chromatin and subsequent damages to DNA (data not shown).
As a part of the enzymatic component of antioxidant system of plant response, antioxidant enzymes contribute significantly to ROS detoxification. The coordinate function of antioxidant enzymes such as SOD, POX, CAT and GR helps in processing of ROS and regeneration of redox ascorbate and glutathione metabolites (Almeselmani et al., 2006) . Resistance to high temperature and salt stress are correlated with increased acclimatization to the concerned stress (Agarwal and Pandey, 2004) . Horse gram seedlings subjected to stress responded differentially to temperature and salt stress in terms of antioxidant enzymes. During temperature stress POX, GR, and SOD were elevated and CAT was diminished. On the contrary, during salt stress, only POX and SOD were elevated while CAT and GR were reduced (Figure 1) . Superoxide dismutase (SOD) converts the first product of the univalent reduction of O 2 to H 2 O 2 which must then be processed by CAT and/or peroxidases. Therefore, the significant increase in the levels of SOD during both the stresses suggests production of considerable amounts of superoxide and a proportional response by the stressed horse gram seedlings. The levels of SOD activity also appear to correlate with the levels of H 2 O 2 during both stresses. Increased levels of SOD are reported from drought stressed Arabidopsis, sunflower, maize, wheat, and tomato (Unyayar and Cekic, 2005) . Levels of SOD are also correlated with NaCl tolerance, probably due to effective scavenging of O 2 . Results with high temperature and 600 mM NaCl stress in horse gram are in agreement with those reported for Cassia angustifolia (Agarwal and Pandey, 2004) and salt tolerant cultivars of Allium species (Csiszar et al., 2007) . However, our results are in contrast with salt stressed Catharanthus roseus (Jaleel et al., 2007) , potato (Rahnama and Ebrahimzadeh, 2005) and wheat seedlings which showed a initial increase at 50 mM NaCl and subsequent decline with increasing concentration of salt (Esfandiari et al., 2007) . Increased enzyme activity in salt-stressed horse gram did not accompany any alterations in isozyme pattern. This indicated the over expression of the major isozyme which appeared to be Cu-Zn type as judged by the electrophoretic mobility ( Figure 2D ). In addition, it is also believed that the same isozyme participates in detoxification of O 2 -under normal and stressed conditions. Intracellular levels of H 2 O 2 are mainly regulated by CAT and POX (Blokhina et al., 2003) . A number of plants have been shown to express increased activity of CAT and POX in order to cope with toxic levels of H 2 O 2 (Agarwal and Pandey, 2004; Rahnama and Ebrahimzadeh, 2005; Nagesh Babu and Devaraj, 2008) . Contrary to the aforementioned reports, horse gram showed increased POX and reduced levels of CAT under both the stresses. However, CAT levels in horse gram closely resembled drought stressed wheat seedlings (Bakalova et al., 2004) . As CAT is the major enzyme involved in the metabolism of H 2 O 2 produced by the SOD, its inhibition under both types of stress could contribute to elevated levels of H 2 O 2 ( Table 1) . As the CAT levels in horse gram are not induced under these conditions, the plant seems to have an inefficient mechanism for H 2 O 2 elimination. Further, relatively higher levels of H 2 O 2 observed under temperature stress than salt stress appear to correlate with higher levels of SOD and diminished levels of CAT. The isozyme pattern of CAT under high temperature stress did not show any alteration in pattern or intensity ( Figure 3D ) indicating absence of any significant role of CAT in horse gram. Unlike CAT, POX levels increased under both stresses (Figure 1 ). In the absence of considerable CAT the onus of detoxifying H 2 O 2 may lie on POX in horse gram under temperature and salt stress. POX activity is known to increase along with CAT, SOD and GR in response to various environmental stresses such as salt, drought and H 2 O 2 (Shigeoka et al., 2002; Tsai et al., 2005; Hong et al., 2007) . Apart from variations in POX levels among different plants, variations have also been noticed among cultivars of plants (Khan and Panda, 2008) . There are also contrasting reports as far as the relationship between POX activity and salt tolerance, indicating both negative (Demiral and Turkan, 2005) and positive (Khan and Panda, 2008 ) correlation. Observed levels of H 2 O 2 and POX levels ( Figure 1) show a possible induction of POX by H 2 O 2 in both salt and temperature stressed horse gram. This is also substantiated by the prevailing levels of MDA, the lipid peroxidation product. Examinations of isozyme patterns of POX indicated the participation of different set of isozymes under salt and temperature stress in horse gram. Where as temperature stressed seedlings indicated the expression of a new isozyme in addition to induction of major cationic from (Figure 2) , the salt stressed seedlings showed induction of cationic bands observed in controls (Figure 3 ) without any new isoforms. Glutathione reductase (GR) plays a key role in oxidative stress by converting the oxidized glutathione (GSSG) to reduced glutathione (GSH) and maintaining a high GSH/GSSG ratio (Irishimovitch and Shapira, 2000) . The enzyme levels were enhanced under heat stress and reduced under salt stress in horse gram. Increased GR activity in leaves of sugar beet plant has been closely related with salt tolerance capacity (Bor et al., 2003) . Elevated levels of GR under temperature stress in horse gram coincide with drought stressed Arabidopsis (Jung, 2004) and water stressed Allium species (Csiszar et al., 2007) .Considering the common effect of dehydration by high temperature and salt stress, higher levels of GR could be related to high temperature tolerance in horse gram. Reduction of GR in horse gram stressed with salt is similar to salt stressed wheat seedlings (Esfandiari et al., 2007) . Reduced levels of GR, GSH and less significant levels of POX under salt stress indicated reduced turnover of GSH and less active Halliwell-Asada cycle. On the other hand, greater levels of GSH and GR under temperature suggested tolerance via Halliwell-Asada cycle as observed for a number of plants (Koca et al., 2007) . Two hydrolytic enzymes involved in metabolite regulation were also estimated during salt and temperature stress. The amylase showed a decline under temperature stress ( Figure 4A ) and enhancement under salt stress ( Figure 4B ). Increased amylase activity has been linked to increased maltose content (Kaplan and Guy, 2004; Nielsen et al., 1997) , and its levels are modulated in response to osmotic, drought, salt and heat stress (Datta et al., 1999; Dreier et al., 1995; Yang et al., 2001; Sung 2001) . There are also scanty reports of induction of either transcripts and/or activity of amylase (Kreps et al., 2002; Seki et al., 2001; Jung et al., 2003) . The elevated levels of amylase (Figure 2-A) in saltstressed horse gram seedlings could be due to induction of amylase by NaCl induced osmotic signals. Difference in amylase levels between salt and temperature stress is also evident by zymogram patterns (Figure 2-A and 3-A) .
Acid phosphatase expression is induced due to factors like water deficit, salt and metal stresses. The induction could be secondary to inorganic phosphate generating enzymes, like PFK and PEP carboxylase (Duff et al., 1994) . Horse gram stressed with both temperature and salt showed increased acid phosphatase activities. However, the increase was more pronounced in salt stress than in temperature stress (Figure 4 ). Figure 4 . Levels of b-amylase and acid phosphatase in Horse gram seedling exposed to heat at 45º C for 2.5 h (A) and 600 mM NaCl stress (B).Data represent mean values ± SE of duplicate of three separate replicates. Olmos and Hellin (1997) observed that acid phosphatase are known to act under salt and water stress by maintaining a certain level of inorganic phosphate which can be cotransported with H + along a gradient of proton motive force. In few cases, phosphatase activities are independent of phosphate levels (Szabo-Negy et al., 1992) . The elevated level of AP in horse gram is suggestive of a common sensor mechanism for heat, drought, and salt stress endurance. Probably, temperature and salt-induced loss of water (change in osmolarity) might have elicited the signal for elevated expression of acid phosphatase.
The observed differences between high temperature and salt stress responses in horse gram were also reflected in the electrophoretic (SDS-PAGE) protein patterns ( Figure 5 ). This is in line with the notion that distinct signaling pathways and biochemical responses are induced by salt and temperature stresses. Taken together these data describes key biochemical stress responses of horse gram upon high temperatures and salt stress providing the basic information needed for future biotechnological programs toward improvement of crop productivity, mainly in tropical regions where the hottest climates and soil salinity are prevalent. 
